A robotized sample-preparation method for the determination of Pu, which is recovered by extraction reprocessing of spent nuclear fuel, by isotope dilution mass spectrometry (IDMS) is described. The automated system uses a six-axis industrial robot, whose motility is very fast, accurate, and flexible, installed in a glove box. The automation of the weighing and dilution steps enables operator-unattended sample pretreatment for the high-precision analysis of Pu in aqueous solutions. Using the developed system, the Pu concentration in a HNO3 medium was successfully determined using a set of subsequent mass spectrometric measurements. The relative uncertainty in determining the Pu concentration by IDMS using this system was estimated to be less than 0.1% (k = 2), which is equal to that expected of a talented analyst. The operation time required was the same as that for a skilled operator.
Introduction
The analysis of Pu for its accountability is one of the most important aspects for nuclear fuel-cycle development with regard to future energy security. As a consequence of Pu and U recovery by extraction (PUREX) reprocessing of irradiated nuclear fuel becoming popular, the presence of separated Pu in aqueous solutions has become an important issue from the viewpoint of the non-proliferation of nuclear materials. In practice, all countries that have signed the Treaty on the NonProliferation of Nuclear Weapons as non-nuclear weapon states have to provide detailed accounting records for their fissile materials to the International Atomic Energy Agency (IAEA). Therefore, plant operators dealing with nuclear fuel reprocessing need to determine the amount of Pu in various processes, especially product solutions with a high concentration of Pu (ca. 130 mg g -1 ).
For determining the Pu concentration in reprocessing product solutions, isotope dilution mass spectrometry (IDMS) [1] [2] [3] [4] [5] [6] [7] has been used in accountability analysis to achieve the highest level of accuracy ever at the Tokai Reprocessing Plant (TRP), with the ultimate aim of attaining the internationally authorized target values. 8 IDMS is the most reliable analytical method for accountability measurements of nuclear materials in spent-fuel reprocessing plants. However, such a traditional and accurate method usually involves tedious pretreatment procedures, and requires highly skilled operators for obtaining reliable results with a high degree of accuracy. Further, all of the operations have to be performed in a glove box to prevent a possible intake of radiotoxic materials. In order to save analysis time and human resources, to maintain constantly precise operations throughout analysis, and to minimize operator exposure to radiation, sample preparation in the analysis stage of IDMS should be automated by robotic means. Although it is very difficult to develop a fully automated system for overall IDMS analysis without human participation, pretreatment procedures, such as sample weighing, dissolution, dilution, and so forth can be automated using robotics. Recently, highly reliable industrial robots have been developed and implemented in various fields of industry. In addition to being reliable and maneuverable, recently developed six-axis industrial robots are also fast, accurate, powerful, and versatile. Due to a unique motion control, robot acceleration and retardation can be easily optimized, which results in shorter operating times, while higher accuracy, positional repeatability, and safety are achieved.
The aim of this study is to develop a partially robotic method, which is to be used in an important stage of isotope dilution (except for chemical separation, which does not require an exact quantitative treatment), for preparing samples for subsequent mass spectrometric measurements in the IDMS determination of Pu in HNO3. This approach contributes to the present laboratory activities by replacing manual operation (in which very careful sample treatment and strict data processing are required for quality control of the overall analytical procedure) with a fast and accurate system based on an industrial robot. This paper describes a sample-pretreatment system using a six-axis industrial robot that offers faster processing and greater accuracy with its flexible and precise motions, installed in a glove box, and its uncertainty in measurement for IDMS analysis of Pu nitrate solutions.
Experimental

Instruments and apparatus
We have designed and developed a robotic system consisting of a robotic arm (Mitsubishi RV-E2), which is mounted at the center of the glove-box floor, its controller, a sequencer 740 ANALYTICAL SCIENCES JUNE 2008, VOL. 24 (Mitsubishi A1S), and other peripherals, as shown in Fig. 1 . Weighing was performed on an analytical balance (Mettler AT-200) using the robotic arm in the glove box; a standard 100-g weight was weighed in order to check the response of the balance. An autoburette (Metrohm 765-Dosimat) was used for dispensing a set volume of a liquid sample via a pipette adapter. Another autoburette was placed outside the glove box, and was connected to a sampling station with Teflon tubing (1-mm internal diameter) to dilute samples with a certain amount of HNO3. A magnetic stirrer, thermostated heater, sample holder, pipette holder, disposable pipette tip rack, and relay station for power supplies and signal acquisition were all situated in the glove box. A computer with proprietary software communicated with the robotic unit and other electrical devices using RS232C outputs. All of the measured data obtained from the system were stored in the computer and printed out. Light curtain sensors (Takex SS20FS-T40C), which detect foreign substances using infrared beams transmitting along the acrylic panels of the glove box, were used for maintaining human and machine safety. The sensors order the robotic arm to stop instantly whenever malfunctions of possible collision against the acrylic panels occur in programmed operation, or human activity is detected close to the acrylic panels.
For subsequent IDMS analyses, isotope abundance ratio measurements were performed on the prepared sample by thermal ionization mass spectrometry (TIMS) using a Finnigan MAT-262.
Chemical and reagents
Certified Pu metal (NBL CRM-126, Purity 0.9990393 ± 0.00018, 239 Pu 97.929 ± 0.001%, New Brunswick Laboratory, USA) was used as a starting material to prepare a spike solution for IDMS determination. The metal, having a mass of 1.0418 ± 0.0002 g, was dissolved in 3 M HNO3, and the solution, having a mass of 256.70 ± 0.02 g, was aliquoted into 10-mL penicillin vials. The element content of the solution was then calculated to be 4.0545 ± 0.0006 mg g -1 . The aliquots were evaporated at 100˚C on a hotplate. The residue was the formation of a glassy material that firmly adhered to the bottoms of the vials. Each vial contained approximately 2 mg of Pu in a dried nitrate form; it was used to spike the samples analyzed in this study together with the mass of the aliquot. Isotopic reference materials for Pu (NBL CRM-136, 238 Pu 0.223 ± 0.007%,
239
Pu 84.988 ± 0.015%, 240 Pu 12.323 ± 0.015%, 241 Pu 1.888 ± 0.005%, 242 Pu 0.578 ± 0.003%, and NBL CRM-137, 238 Pu 0.268 ± 0.006%, 239 Pu 77.635 ± 0.022%, 240 Pu 18.734 ± 0.022%, 241 Pu 2.152 ± 0.006%, 242 Pu 1.211 ± 0.004%) were used for calibration and measurement control in all mass spectrometric measurements. All commercial chemicals were of analytical grade, and were used without further purification. All water was deionized and sub-boiled-distilled.
Manual sample preparation
A Pu nitrate solution (0.5 mL) was weighed in a flask, followed by dilution with about 30 mL of 3 M HNO3 on a gravimetric basis. After stirring the diluted sample, 0.5 mL of the fraction was then filled in a 10-mL penicillin vial containing a known amount of the spike, and was weighed. To dissolve the dried spike, 7 mL of 3 M HNO3 was added to the vial, and the sample was heated at 95˚C on a hotplate for 30 min. The spiked solution was stirred for 1 min on a magnetic stirrer after heating to achieve isotopic equilibrium. An aliquot of 1 mL was extracted from the spiked solution for subsequent chemical purification and isotopic ratio measurement by TIMS, as described later. All measurements of the samples were performed on a basis of duplicate spiking (n = 2). A 0.2-mL aliquot was also produced from the Pu nitrate solution for its isotopic analysis by TIMS. 
ANALYTICAL SCIENCES JUNE 2008, VOL. 24
Robotic sample preparation
We designed and made a sequence for a robotic sample preparation. Figure 2 shows a flow chart of robotic operations for Pu analysis by IDMS. After all sets of glassware and a polyethylene bottle containing an 8-mL Pu nitrate solution were manually placed at the specified positions on the sample holder, and the operating conditions, such as the sampling volume, were inputted to the computer, the robotic arm first checked the balance using an SI-traceable 100-g standard weight. The equipped robotic arm seized the standard weight with a pair of tongs, and weighed it on the balance. Next, the arm seized the pipette adapter, which was connected by Teflon tubing to the autoburette in the glove box, and lifted a disposable pipette tip set from the rack. In this step, the arm moved down to a specified relative position so that the pipette top fixed the cornshaped pipette adapter (Fig. 3A) . Two aliquots of a required volume (0.5 -1.0 mL) prepared from the sample solution were pipetted into duplicate pre-tared 50-mL flasks and were weighed in each flask. The robotic arm removed the pipette tip using a sampling station equipped with a keyhole-shaped guide. The guide could grip the pipette adapter using a clamp worked by a spring, and the arm moved up, stopping only the tip at the edge of the guide, to a specified relative position so that the pipette tip was detached from the pipette adapter (Fig. 3B) . The arm seized the tubing connected to a reservoir of 3 M HNO3 of the autoburette placed outside the glove box, and the samples were diluted with 3 M HNO3, as required, and weighed. After the diluted sample solutions were stirred on a magnetic stirrer for 1 min, 0.5 mL of each fraction was pipetted into the tared 1-mL penicillin vial containing the dried spike and weighed in it. Then, 7 mL of 3 M HNO3 was added to each vial and heated at 95˚C on a hotplate for 30 min. The spiked solution was stirred for 1 min on the magnetic stirrer. A 1-mL aliquot was taken in a polyethylene bottle from the spiked solution for subsequent chemical purification and isotopic ratio measurement by TIMS. A 0.2-mL aliquot was also taken from each diluted sample for isotopic analysis by TIMS.
The robotic arm performed all of the motions needed to transfer the flasks and vials by following all of the steps through the same sequence. In the weighing steps, the robotic arm picked up an object, such as a flask and a vial from the specified position on the sample holder, and transferred it to beside the balance. The side door of the balance opened automatically, and the arm placed the object gently at the center of the weighing pan. The arm moved outside, the door closed, and the weight value was displayed. The arm collected the object again and returned it to the original position of the holder. All of the steps involved in controlling the analytical balance and the autoburette, in terms of weighing, were also completely programmed. All weighing data were automatically transferred, printed out, and stored in the computer.
The same sequence of steps for each weighing, dilution, stirring, and spiking was repeated on a duplicate basis. Further purification and TIMS measurements were performed by analysts according to the procedure outlined below.
Weighing
The value read off from the display of the balance does not include a correction for the air buoyancy. The air buoyancy should be taken into account when the weighing sample has a different density or volume from that of reference weight. Certified balances and weights are always adjusted to the conventionally defined reference density of 8000 kg m -3 . In order to achieve accurate mass determinations, all the weighings in this study were performed in a room with controlled temperature, atmospheric pressure, humidity and density of weighing sample, which are necessary for correcting the buoyancy effect.
Chemical purification and isotopic ratio measurement
The method used for the purification of Pu in the subsequent chemical treatment was based on extraction chromatography. 9, 10 To achieve isotopic equilibrium in spiked solutions, we added 0.2 mL of a mixture of 2.8% iron(II) sulfate and 5% sulfamic acid to reduce Pu to Pu(III). Next, 0.5 mL of 7% sodium nitrite was added to oxidize Pu(III) to Pu(IV). The solutions were evaporated to dryness, and the remaining materials were dissolved in 1 mL of 3 M HNO3. The same purification procedure was performed on a non-spiked sample.
Aliquots of the sample solutions with and without spiking were then loaded on a TEVA column (Eichrom Industries, Darien, IL) to obtain a pure Pu fraction before a TIMS measurement. Plutonium was eluted with a mixture of 0.1 M HNO3 and 1% ascorbic acid. Both purified fractions were evaporated and redissolved in 1 M HNO3 to yield a Pu concentration of 100 mg mL -1 . Each prepared sample solution was loaded onto rhenium filaments for a TIMS measurement. The filaments were degassed prior to use in order to remove volatile impurities. One microliter of the samples (100 ng Pu) was loaded using a transfer pipette. The droplet was dried by passing an electrical current through the filament. The sample turret, complete with evaporation/ionization filaments and extraction plates, was loaded into the mass spectrometer to measure the isotopic ratios of the samples. In order to achieve the analysis of precise and accurate isotopic ratios, we employed the total evaporation method, which can remove the mass fractionation effect.
Model equation used in IDMS for Pu concentration
In this study, we employed the 239 Pu-enriched reference material 11 as a spike for the IDMS determination of Pu in nitrate solutions. The general model equation to calculate the Pu concentration in the sample is given by
where Ci is the ith concentration of Pu in replicate determinations; Cy is the element content of the spike; mxoi, mdi, mxi, and myi are the masses of the original sample, the diluent of HNO3, the diluted sample, and the spike, respectively; W239y is the isotope mass fraction of 239 Pu in the spike; f240x is the isotope amount fraction of 240 Pu in the sample; Mpux and M239 are the molar mass of Pu in the sample and the atomic mass of 239 Pu, respectively; and R240/239 denotes the isotopic ratio 240 Pu/
239
Pu. The indices x, y, and b represent the sample, spike, and blend, respectively. A factor of di, which was introduced by Kessel et al., 12, 13 was applied for every measurement to compensate for possible uncertainties in the measured results, which cannot be expressed by the ideal model equation. The value of di always takes zero, and does not influence the value of the final result. However, the uncertainty in di is estimated by considering a certain value, which depends on the degree of scatter in replicate measurements and the correlation between results. This estimation was performed by an additional equivalence test on the duplicate results based on a method described in the literature. 12 The final concentration in the sample, Cs, was calculated by
Results and Discussion
Optimization of the robotic method
The proposed system was initially tested using non-radioactive samples to optimize the performance before installing in the glove box. A considerable number of experiments have been carried out to eliminate sources of error coming from mechanical handling and sequential procedures. In this study, a new type of robot arm was especially used together with other instruments for chemical preparations. The robot programming and the sequence of the IDMS pretreatment have been examined during system development in order to improve the precision. In particular, the long waiting time of a sample solution in the atmosphere resulted in evaporation of the solvent. To make effective sampling and weighing, reducing significant losses of sample solutions (evaporation and splashing) as well as complicated analytical procedure, the integration and timing of robotic movements had to be modified many times. This approach resulted in a well-established sequence, as shown in Fig. 2 for the robotic preparation of highly concentrated Pu determination by IDMS. Another advantage is that the system developed in this study can be available for other experiments whenever any gravimetric sample preparations take place in a glove box with radiotoxic materials in solution.
Optimization of stirring condition
In the IDMS analysis of highly concentrated Pu solutions, the dilution of a sample is necessary to yield an appropriate ratio of the sample to spike; therefore, the diluted sample is stirred to obtain a homogeneous solution. The stirring is usually accomplished using a combination of a magnetic stirrer and a stir bar containing a magnet (8f ¥ 35 mm). However, such a magnetic stir bar affects the weighing measurement when using a balance, because of its magnetic field. Otherwise, it is extremely difficult for the robotic arm to place the stir bar in a flask filled with a diluted solution without splashing, after finishing a series of weighing operations. It is also impossible to perform this step manually, because the light curtain sensors do not allow us to use gloves. As an alternative means, we prepared a non-magnetic stir bar using a steel rod sealed with a Teflon tube, and placed it in a pre-prepared flask in advance. The steps involving weighing of the sample with flasks were performed using the non-magnetic stir bar throughout. The result indicated that stirring with the bar was constant and adequately stable, and magnetic interference in the weighing steps could be avoided. On the other hand, stirring for mixing the spike and the sample was performed in a 10-mL penicillin vial using a relatively small stir bar (4f ¥ 10 mm), and weighing was also necessary to yield the exact mass of the vial containing the spike. In this case, no influence was observed on the measurement with the balance because of its small size, even if the stir bar was made of a magnetic material.
Determination of the Pu concentration and its uncertainty evaluation
A typical Pu product solution reprocessed at TRP was used to test the proposed method with robotization for determining the Pu concentration. The measurement result with an expanded uncertainty (k = 2) for the Pu content based on duplicate analysis was found to be 137.10 ± 0.11 mg g -1
.
The uncertainty was calculated following the ISO/BIPM Guide to the Expression of Uncertainties in Measurements. 14, 15 The standard uncertainty of the final concentration was calculated by combining both standard uncertainties of duplicate results. The excellent reproducibility of the duplicates was shown by the low value of the experimental uncertainty, which corresponded to a relative expanded uncertainty of 0.077%. A detailed uncertainty budget of contributing quantities in the IDMS calculation is also listed in Table 1 . The contributions to the total uncertainty related to weighing data in the robotic method were sufficiently small, and the uncertainties of d1 and d2 were also negligibly small in the evaluation. The relative uncertainty in determining the Pu concentration by IDMS was estimated to be less than 0.1% (k = 2) when using this system for sample pretreatment; this uncertainty is equal to that expected for a talented analyst. Therefore, this result indicated that extremely precise operation over the course of the pretreatment steps was achieved by the robotic method without any significant adverse factors, such as a loss of material, solvent evaporation, cross-contamination, etc., influencing the uncertainty evaluation in the ideal IDMS equation.
Application of the proposed method to real samples and a comparison with a manual method
The proposed and official methods for determining Pu concentration were applied to a series of five different real product solutions reprocessed at TRP. Each analytical result was based on duplicate measurements; and the results with their combined uncertainties are given in Table 2 . Excellent overall agreement and constantly similar uncertainties (less than 0.1%) were observed between the two methods, proving the excellent performance of the proposed method. However, the difference in the two results for samples B and E can be regarded as significant at the 95% confidence level. Although there might be many possible causes for these results, it is thought that these effects result from evaporation of the solvent at the analysis stage, where each set of samples was not analyzed at the same time.
The time required for pretreatment by the proposed robotic method before performing the mass spectrometric measurement was evaluated and compared with the manual method for the highest skilled operator in our laboratory. Table 3 gives the time required to perform a series of operations in each step for both methods. It took 60 min to process and treat duplicate samples by the proposed method, which is equal to that obtained by the operator. In this study, the entire motion of the robotic arm was controlled at a speed below 350 mm/s, which corresponds to 1/10th of the maximum, in order to prevent sample solutions in flasks or vials from spilling out. It is therefore conceivable that an even shorter processing time can be attained by controlling the robotic motion at higher speeds, except for transfer steps of flasks and vials containing liquid samples.
Conclusions
A method of automated gravimetric sample pretreatment using a six-axis industrial robot for Pu determination in reprocessed products based on IDMS was demonstrated and applied to a. The numbers after "±" are the expanded uncertainties, k = 2. Table 3 Comparison of time (min) required for a pretreatment between robotic and manual methods routine samples. The results were compared with those obtained by the manual method, and excellent agreement was observed with extremely small uncertainties. The time required for pretreatment in duplicate per sample was nearly equal to that for the manual procedure. These facts indicate that a robotic method can be an appropriate tool for automation and faster throughput in nuclear laboratories, and that the analysis of radioactive materials in a glove box by humans can be reduced. Furthermore, the robotic system developed in this study can be used for other functions, such as the treatment of samples for coulometric analysis 16 of Pu, and the preparation of a large number of aliquots obtained from a stock solution for IDMS spikes. 11 Thus, the proposed method is versatile, and can be extended to other remote analyses of radioactive materials with a high degree of accuracy and precision.
